The 2p photoelectron spectrum of free Mn atoms is presented. The experimental results are interpreted with the aid of Hartree-Fock calculations. Multiplet splitting and valence-shell recoupling in the core excited state give rise to the numerous main and satellite lines observed. The strong influence of these intra-atomic interactions on the Mn 2p photoelectron spectra of Mn compounds is verified by comparison of the corresponding spectra. DOI: 10.1103/PhysRevA.63.050702 PACS number͑s͒: 32.80.Fb, 32.80.Hd, 71.70.Ϫd, 79.60.Ϫi The investigation of core level photoelectron spectra of 3d transition metals and 3d transition metal compounds can yield detailed information on the electronic structure of the solids and their surfaces. Multiplet splitting and satellite emission in the core-level photoelectron spectra reflect the interaction of the core hole with the valence electrons and are thus intimately related to the electronic structure of the bound atoms. The localization/delocalization of the 3d valence electrons, screening, and charge transfer processes can strongly influence the core-level photoelectron spectra. Thus a proper theoretical description of the photoelectron spectra accounting for interatomic and intra-atomic interactions is crucial for the correct interpretation of the results. This has been outlined for the 2p and 3p photoelectron spectra in the pioneering work of Fadley and co-workers ͓1,2͔ and Bagus et al. ͓3͔, and recent work on the 3p spectra ͓4͔.
The investigation of core level photoelectron spectra of 3d transition metals and 3d transition metal compounds can yield detailed information on the electronic structure of the solids and their surfaces. Multiplet splitting and satellite emission in the core-level photoelectron spectra reflect the interaction of the core hole with the valence electrons and are thus intimately related to the electronic structure of the bound atoms. The localization/delocalization of the 3d valence electrons, screening, and charge transfer processes can strongly influence the core-level photoelectron spectra. Thus a proper theoretical description of the photoelectron spectra accounting for interatomic and intra-atomic interactions is crucial for the correct interpretation of the results. This has been outlined for the 2p and 3p photoelectron spectra in the pioneering work of Fadley and co-workers ͓1,2͔ and Bagus et al. ͓3͔ , and recent work on the 3p spectra ͓4͔.
For the description of the 2p photoelectron spectra of bound 3d metal atoms, various models have been proposed ranging from single electron band-structure approaches ͓5-7͔ to ligand field multiplet models ͑see, e.g., Refs. ͓8-11͔͒. All interpretations are based on the atomic 2p spinorbit splitting due to the localization of the 2p core shell of the 3d metal atoms. However, in the treatment of the interatomic and intra-atomic Coulomb and exchange interactions they strongly differ. The importance of intraatomic effects for the Cr 2p photoelectron spectra of a thin Cr surface layer was recently demonstrated by comparing the thin film spectra to free Cr atom spectra ͓12͔. In a recent investigation the dominating atomic influence on the Mn 2p photoelectron spectrum of a MnO crystal has been readdressed theoretically ͓13͔. With the 2 p photoelectron spectrum of free Mn atoms we provide the missing experimental link. The spectrum is interpreted with the aid of Hartree-Fock ͑HF͒ calculations and discussed in comparison to Mn 2p photoelectron spectra of Mn compounds.
The 2p photoelectron spectrum of free Mn atoms was taken at a fixed photon energy of 716 eV with a total instrumental energy bandwidth of 0.6 eV full width at half maximum ͑FWHM͒. A collimated beam of Mn atoms was produced in a furnace heated by electron impact and crossed with the monochromatized undulator radiation of the synchrotron radiation beamline BW3 at HASYLAB. The photoelectrons emitted close to the magic angle of 54.7°relative to the polarization axis of the undulator radiation were registered with the aid of a hemispherical high resolution Scienta SES 200 electron energy analyzer ͓14,15͔. The binding energy scale was established using known energies of rare gas photoelectron lines and Mn Auger lines. The spectrum was corrected for the electron analyzer transmission and a linear background was substracted. Figure 1͑a͒ shows the 2p photoelectron spectrum of free Mn atoms. The spectrum is dominated by two groups of lines spread over several eV and centered around 651 eV and 663 The well resolved fine structure in Fig. 1͑a͒ and the results of the HF calculation allow for a more detailed investigation of the final-state coupling. The bars in Fig. 1͑b͒ present the calculated energies and relative strengths of the transitions from the Mn 3d 5 4s 2 ( 6 S) ground state to the numerous final ionic states of Mn ϩ 2p 5 3d 5 4s 2 . The solid curve was obtained by convolving the calculated transition probabilities with Lorentzian profiles of 0.33 eV FWHM reflecting the lifetime of the Mn 2p hole states ͓19͔. The small difference between the lifetimes of the 2p 1/2 and 2p 3/2 hole states ͓19,20͔ was neglected. The sum of the Lorentzians was convoluted with a Gaussian profile of 0.6 eV FWHM to account for the instrumental broadening. The HF energies had to be shifted by 1.96 eV towards lower binding energies and a constant background was added in order to match the energies and intensities of the most prominent lines in both spectra. The low binding energy multiplet can be described by a j j coupled 2p 3/2 hole and valence electrons LS coupled to the Hund's rule ground state 3d 5 4s 2 ( 6 S). The 2p-3d Coulomb interactions couple the 2p 3/2 hole and the 3d valence electrons to four levels with total angular momentum Jϭ4, 3, 2 and 1 ͓Fig. 1͑b͔͒ in good agreement with the experimental spectrum. The same angular momentum coupling scheme has been claimed to be suitable for the description of the 2p photoelectron spectrum of Mn 2ϩ ions in MnO ͓9,13,21͔ and in MnF 2 ͓22͔, where the final state configuration Mn 3ϩ 2p 5 3d 5 has been assumed. The 2p photoelectron spectra of various 3d transition metal ions have been interpreted in the same way ͓23,24͔. With the aid of our free atom Mn 2p photoelectron spectrum, we can directly confirm the theoretical approaches used so far to describe the final-state coupling in the Mn 2p photoelectron spectra of ionic Mn compounds. Comparing 2p ionized Mn atoms and Mn 2ϩ ions, it is important to note that the filled 4s shell does not take part in the final-state coupling of the ionized Mn atoms. In the description of free atom Cr 2p photoelectron spectra, an equivalent final-state coupling has been found to be appropriate ͓12,15͔.
The recoupling of the 3d valence electrons is another important feature of the Mn 2p photoelectron spectrum. This recoupling, which can be seen as the spin-flip of one or two of the 3d valence electrons, gives rise to satellite lines. The expected energy positions of these satellites are indicated by the bar diagram above the free atom Mn spectrum in Fig.  1͑a͒ 2 (3d,3d)ϭ10.1 eV and F 4 (3d,3d) ϭ6.3 eV from our HF calculation. The satellite structure between the two multiplets in Fig. 1͑a͒ can therefore be assigned to 3d recoupled 2p 3/2 3d 5 ( 4 P, 4 D)4s 2 states. This is corroborated by the HF calculation in Fig. 1͑b͒ , which predicts a host of 2p 3/2 3d 5 ( 4 P, 4 D)4s 2 lines with Jϭ3, 2, and 1, adding up to a broad and asymmetric structure between the multiplets. The corresponding high binding energy 2 p 1/2 3d 5 ( 4 P, 4 D)4s 2 satellites predicted by the HF calculation close to 667 eV are difficult to identify in the experimental spectrum due to their small strength and the high background in this binding energy region. In a series of investigations on the 2p photoelectron spectra of MnO, the two groups of main lines and the two groups of satellite lines at the high binding energy sides of the main lines have been observed ͓9,26-31͔. As an example in Fig. 2 Bagus et al. ͓13͔ claimed that the purely intraatomic effect of 3d recoupling in the Mn 2ϩ ions bound in MnO gives rise to the satellite lines. We can confirm the approach of Bagus et al. by direct observation of at least the low binding energy 3d recoupling satellites in the free atom Mn 2p photoelectron spectrum. In the 2p photoelectron spectrum of free Cr atoms, both satellites could be observed and have been assigned in the same way as for Mn ͓12,15͔.
Besides the satellite lines, the 3d recoupling influences the intensities of the lines in the low binding energy multiplet. This is shown with the aid of states. This mixture of states causes a redistribution of oscillator strength, whereby intensity is transferred to the satellite lines at higher binding energies. Such a mechanism has been invoked for the explanation of the 2p photoelectron spectrum of Mn 2ϩ ions bound in MnO by Bagus et al. ͓13͔ . A suppression of the low J fine-structure lines has been predicted even earlier ͓21͔. We can corroborate this through experimental observation of the suppression of the two low energy multiplet lines. For free Cr atoms very similar effects have been observed ͓12,15͔.
Finally, we turn to the high binding energy multiplet of the free atom Mn 2p photoelectron spectrum. This is strongly influenced by the 3d recoupling. An assignment of the photoelectron lines is very difficult, since the mixture of states is very strong for the energy levels in the high binding energy multiplet. The expected spin-orbit split 2p 1/2 3d 5 ( 6 S)4s 2 states overlap with the levels of 3d recoupled 2p 3/2 3d 5 ( 2 P, 2 D)4s 2 states. This is demonstrated by the bar diagram in Fig. 1͑a͒ and confirmed by the HF calculation. A simple angular momentum coupling scheme such as that for the 2p 3/2 multiplet assuming the configuration 2p 1/2 3d 5 ( 6 S)4s 2 , which would lead to two levels with J ϭ3 and 2, fails. The HF calculation predicts several Jϭ3 and 2 levels in the energy region of the high binding energy multiplet that contain significant contributions of both 2p 1/2 3d 5 ( 6 S)4s 2 and 2p 3/2 3d 5 ( 2 P, 2 D, 2 G, . . . )4s 2 states ͑Table I͒. In the high binding energy part of the 2p photoelectron spectrum of free Cr atoms, a strong mixing of 2p 1/2 and 3d recoupled 2p 3/2 states has also been observed ͓12,15͔. We expect a similar situation to be encountered in the 2 p photoelectron spectra of Cr and Mn ions, as well as in the 2p photoelectron spectra of the neighboring 3d transition metal atoms and ions.
Experimental and theoretical results on the 2p photoelectron spectrum of atomic Mn were reported. The well resolved fine structure allowed for a detailed investigation of the multiplet splitting accounting for the final-state coupling in the 2p ionized Mn atoms. The 3d valence shell recoupling was demonstrated to be essential for the discussion of satellite lines and the suppression of low J fine-structure lines in the 2p 3/2 multiplet. We showed that an assignment of the high binding energy multiplet to 2p 1/2 cannot be justified due to the strong admixtures of 3d recoupled 2p 3/2 states.
The free atom Mn 2p photoelectron spectrum can serve as a basis for the discussion of final-state coupling in 2p 5 3d 5 Both the experimental and the calculated intensities are given relative to the intensity of the strongest line equal to 9 in arbitrary units.
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configurations. It reveals insight into fundamental intraatomic processes that are essential for the interpretation of the 2p photoelectron spectra of bound 3d transition metalatoms. This could be directly demonstrated for the case of ionic Mn compounds in agreement with the results of Bagus et al. ͓13͔ but it is of vital importance also for other Mn systems such as thin films and surface alloys ͓32,33͔, as well as other 3d metal atom compounds ͓26͔ and thin films ͓12͔.
An interpretation on the basis of atomic multiplet splitting due to the 2p-3d Coulomb interactions in the final state questions ͓12͔ the approach based on one-electron models assuming a Zeeman-like splitting of the 2p core states due to the exchange interaction with the bandlike spin-polarized 3d valence electrons in the ground state ͓5-7,34͔. Finally, the free atom Mn 2p photoelectron spectrum, and especially the direct observation of 3d recoupling satellite, can shed light on the controversial assessment of charge-transfer processes in 3d metal compounds ͓13͔.
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